When the gene for yeast 3-phosphoglycerate kinase (PGK) is present on a high copy number plasmid in Saccharomyces cerevisiae, 30-40 percent of yeast protein is produced as PGK. However, when the structural part of this gene is replaced by as many as twenty different heterologous genes, production of gene products is greatly reduced-usually by more than 20 fold. This decrease in protein production is accompanied by large decreases in the steady-state levels of mRNA. However, in contrast to these coding sequences, replacement of the yeast PGK structural gene with a human PGK cDNA has little effect on the steady-state mRNA level in yeast. PGK is a two-domain enzyme and its 3-dimensional structure is highly conserved among species. These observations and others have led us to propose that the PGK protein itself might influence its own mRNA levels (Chen et _al_., Nucleic Acids Res. 12, pp. 8951-8969, 1984). In addition, data is presented here which suggests that the human PGK mRNA is less efficiently translated than the yeast PGK mRNA. Two different mechanisms of controlling gene expression are indicated. Both mechanisms appear to be independent of gene copy number.
INTRODUCTION
The 5'-and 3'-flanking DNA sequences of the highly expressed yeast 3-phosphoglycerate kinase (PGK) gene can be used to express heterologous gene products in yeast (1-3). However, these modified expression systems on high copy number plasmids do not express levels of heterologous gene products at the high level obtained for yeast PGK by the original plasmid. We have extensively studied this phenomenon and have shown that decreased protein product levels appear to reflect changes in the steady-state levels of mRNA and are not due to reductions in plasmid copy numbers (1). Recent results by Melloret _al_. (4) support these conclusions.
We have also shown that disruption of the PGK coding sequence by premature stop codons, by substitution of a heterologous gene, by in-frame deletions of PGK sequence, or by insertions of heterologous or homologous ONA sequences (in-frame or out-of-frame) leads to decreased steady-state levels of mRNA (1). However, the same inserts (some over 1000 bp) can be inserted after the stop codon of the structural gene and be included within the mRNA without any effect on the steady-state levels of mRNA (1) . The combined data suggested that essentially the entire structural portion of the gene encoding PGK is necessary to preserve high steady-state levels of mRNA. Evidence was also presented that the normal PGK expression system was unable to correct several of these defective systems when present on the same plasmid, suggesting that the wild-type PGK protein does not act in trans to correct these defective systems. Codon bias differences of heterologous genes did not appear to be responsible for this lowering of steady-state mRNA levels, since this lowering occurred with or without the translation of such sequences (1).
Three models have been proposed to explain these decreases in mRNA (1) . The first model suggests that there is a large internal promoter sequence (or sequences) within the PGK coding sequence which affects transcription levels in conjunction with the 5'-flanking sequence. This may be similar to eukaryotic enhancer sequences (5) or to internal promoters found in tRNA genes (6) . The second model suggests that a large primary sequence in the mRNA results in stabilization of the mRNA due to secondary or tertiary interactions. The third model (protein-feedback) suggests that the information is in the PGK protein itself. Within the protein structure there may be a domain or domains which interact directly with the mRNA or translation machinery to prevent mRNA degradation during translation. This paper describes experiments which were done based on the possibility of this third model. Some data that are supportive of a protein-feedback model were obtained several years ago by Losson and Lacroute (7). They found that nonsense mutations throughout the URA3 gene in the chromosome resulted in reduction of steady-state levels of mRNA. Zitomer et^ jil_. (8) observed a similar behavior for the yeast cytochrome C gene. However, Losson and Lacroute (7) took their analysis two steps further. They showed that one stop codon near the beginning of the gene reduced the half-life of the URA3 mRNA from 10 minutes to 2 minutes, which explained the reduction in the steady-state level of mRNA. Second, they showed that the suppression of this stop codon during translation reversed the effect on the steady-state mRNA level, suggesting that the effect occurs during translation. They suggested that the large untranslated region in such mutants leads to mRNA degradation in the cytoplasm, perhaps due to the lack of ribosome protection of this part of the mRNA. We have observed the same phenomenon with nonsense mutants at two different locations in the PGK gene, carried on a high copy number plasmid (1, 9) . However, the half-life of the PGK mRNA is at a higher level of about 80 minutes (9) . Furthermore, removal of normally translated DNA sequence after such a premature stop codon to the normal stop codon does not significantly improve the steady-state level of mRNA (9) . We have also shown that large untranslated regions inserted at the end of the complete structural gene for PGK do not reduce mRNA half-lives or expression (1) . Perhaps these results suggest a relationship between steady-state levels of mRNA and protein integrity.
To further test the protein-feedback model, we decided to express the human cDNA for 3-phosphoglycerate kinase (hPGK) (10,11) using the yeast PGK gene 5'-and 3'-flanking sequences. The hPGK gene encodes an enzyme that has 65 percent homology at the amino acid level with yeast PGK (yPGK) (12) and much more similarity at the three-dimensional level (15) .
MATERIALS AND METHODS

Materials
Materials have all been previously described (1).
Strains, Plasmids and Growth Conditions
Yeast strain 20B-12 (a trpl pep4-3) (20) was used for most experiments. Plasmid YEp9T (Fig. 1) has been previously described (1) . YNB+CAA (1) broth and plates were used for transformation and for all growth experiments to maintain the plasmids using Trp selective pressure. All other strains and growth conditions have been described elsewhere (1).
Methods
All methods have been previously described (1,2); however, a pulse-chase S-methionine labeling technique was used here to obtain Fig. 5 instead of a normal labeling as previously used (2) .
RESULTS
Construction of Expression Units Producing yPGK, hPGK, and Hybrid Proteins
For these studies, we used the yeast high copy number plasmid, YEp9T (Fig. 1) , which replicates in both E_. coli and yeast (1) . Inserts b-g were placed between the ^coRI and jjuuilll restriction sites of YEp9T in the same orientation. By filling in the EcoRI restriction end of YEp9T and Clal restriction ends of b-g with nucleotides using £. coli DNA polymerase I, two fragment ligations were done to construct these plasmids. All the plasmids thus formed have a copy number of 20-30 based on "Southern" analysis (16) The hPGK protein level is 6-8 fold less than yPGK by gel scans. This is not due to decreased mRNA level (Table 1) 
Codon Bias, Context, and Protein Stability Effects on Expression
Looking at Codon context effects (e.g, tRNA-codon or tRNA-tRNA interactions, 25) as well as structural constraints (e.g., secondary structure) should be independent of mRNA concentration in the cell, while codon usage effects could be related to mRNA concentration. Codon usage may affect translation to a greater extent at a high concentration of nonpreferred codons or mRNA (hPGK mRNA from the 2p plasmid is 18 percent of total yeast mRNA) if certain aminoacyl-tRNAs are being used at a faster rate than they can be regenerated. It has been previously shown that there is a strong correlation between the abundance of yeast tRNAs and the occurrence of the respective codons in protein genes and that some of these tRNAs are present at extremely low levels (38) . All other mRNAs containing these codons would also have their translation reduced. Therefore if hPGK and yPGK mRNA concentrations are reduced to the same lower level in the cell, the relative amount of protein product produced by each might change.
To test this possibility, the following experiments were done. Expression unit a in Fig. 1 was put on an integrating plasmid, YIp5 (27) ; however, transformants analyzed contained plasmids of copy numbers of >1Q copies per cell by "Southern" analysis (data not shown). We suspect that the hPGK cDNA contains a DNA sequence which can act as an origin of replication in yeast. Human sequences which behave like this in yeast have been previously described (28) .
As an alternative way to obtain lower copy number, we placed expression units b and d on separate plasmids containing a centromere (29). The plasmid YCp50 (30) contains the centromere from chromosome IV, the ARS1 origin of replication, and the yeast URA3 gene as a selectable marker. When yeast strain TE411 (trpl~ ura3~) (31) is transformed with either of these two plasmids, the two plasmids maintain an average copy number of 3 per cell, due to the centromere. This copy number was determined by Southern analysis using chromosomal PGK (unit a, Fig. 1 ) as a standard of 1. Other characteristics of these expression systems are summarized in Table 1 . Relative steady-state levels of mRNA correspond with copy numbers. Percents of protein (PGKs designated with dots) were determined using gel scans of lanes 8-12 (Fig. 3) . The chromosomal contribution (lane One of the models we have suggested to explain this phenomenon is that the yPGK protein itself may contain information for the stabilization of its mRNA during translation. Since the primary and especially the three-dimensional structures of PGK enzymes are so highly conserved among species, we decided to express the cDNA for human PGK (10,11) using the 5'-and 3'-flanking sequences from the yeast PGK gene. If this conservation of protein structure also retains the structure for such a hypothetical interaction, this human gene may retain such function. We found that the expression of the hPGK cDNA is almost normal with respect to steady-state levels of mRNA, unlike many other human genes tried. Therefore the hPGK cDNA apparently contains the information which is necessary to maintain high steady-state levels of mRNA. This is the primary result reported here. We think it supports the protein-feedback model. Furthermore, we have found that gene fusions at the 5' end of yPGK (e.g. human serum albumin and human epidermal growth factor) which retain all of the yPGK protein structure retain high steady-state levels of mRNA (data not shown). This is in stark contrast to similar fusions where part of the PGK gene sequence is deleted and steady-state levels of mRNA are greatly diminished (1,9). There is a 6-8 fold lower production of hPGK protein from similar mRNA levels. The possibility that the hPGK protein is unstable in the cell is unlikely due to the pulse-chase experiments (Fig. 5) , which show that the proteins are degraded in vivo at the same rate. Another possibility is that translation of the hPGK mRNA is not properly initiated. However, this possibility is strongly addressed by data concerning the two hybrid genes. Whether the hPGK DNA sequence is first or second, mRNA levels are the same and protein levels are essentially identical. It is interesting that the level of chimeric protein is twice that of hPGK. This suggests that getting rid of either half of hPGK DNA sequence gets rid of half the protein production problem. Thus, the problem is probably not in translational initiation but more likely in the translational elongation rate, with both halves of hPGK contributing essentially equally.
Reducing the plasmid copy number and the level of hPGK mRNA did not change its translational efficiency. The ratios of hPGK to yPGK mRNA and protein remained about the same. Therefore aminoacyl-tRNAs are probably not being used at a faster rate than they can be generated at the higher level of hPGK mRNA. However, it is possible that the cell is limiting for certain aminoacyl-tRNAs at both concentrations of the hPGK mRNA and that this limitation normally affects the rate of translation of all mRNAs, depending on their content of the corresponding codons. One possible mechanism for this occurring would be the competition between abundant and rare aminoacyl-tRNAs for the ribosomal binding site as a rate-limiting step for translation. In vitro translation studies using a yeast system (34) which compares various mRNAs may better address differences in these rates of translation.
In terms of evolutionary diversity, it is interesting that an enzyme which apparently functions by extensive interaction of two substrate binding lobes (13, 14) can still function well when one lobe is from yeast and the other from human. Not only do these lobes need to bind substrate but they need to approach one another in order for substrates to interact. The specific activities and rate constants of these hybrid proteins are very close to those of hPGK and yPGK (15) . Important structure-function relationships may be obtained by further study of these hybrids.
If the PGK protein regulates the steady-state level of its own mRNA and translatability of the mRNA is decreased, a protein-dependent mRNA protection should begin to fail. This failure does not appear to be a linear event since a 6-8 fold decrease in translation only results in a 30 percent drop in mRNA level. More dramatic decreases in translation should result in even greater decreases in mRNA levels. It is disturbing that there is not a linear relationship between mRNA levels and protein levels; however, the quality of the protein may be more important than the quantity. This non-linearity suggests that both human and yeast PGK mRNAs have evolved to be very stable (second model). However the breakdown in this stability is very sensitive to slight changes throughout the yPGK mRNA, and due to the great difference between yPGK and hPGK mRNA sequences, one might expect that different stabilizing structures may have evolved in these mRNAs from distinctly different organisms. Nevertheless, the two hybrid genes which have no sequence in common retain this stability and the proteins produced retain enzymatic activity. To further test the possibility that the protein may contain information to stabilize its own mRNA, the authors are trying to make missense mutations which may cause a drop in mRNA levels. With such missense mutations, it may be possible to obtain temperature-sensitive revertants which show a temperature-sensitive effect on mRNA levels.
We also suggest that the function of the hybrids and the close structural similarities between hPGK and yPGK may have resulted from more than a conservation of enzymatic mechanisms. These similarities may have resulted from a conservation of structural characteristics associated with the maintenance of high steady-state levels of mRNA. If indeed such a novel mechanism exists, we visualize it occurring during translation with a certain protein folding occurring to somehow protect the mRNA from nuclease attack. Domains completely different from normal enzymatic domains may be associated with such a process.
